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Abstract 

The purpose of this paper is to review the current state of research 
and development of new materials for advanced aircraft engines. The advan- 
tages and disadvantages of intermetal 1 1c compounds and refractory metals 
as replacements for today's nickel-base alloys are discussed, along with 
some results of research directed at overcoming some of the problems which 
restrict their application. It is concluded that continuous fiber rein- 
forced intermetal 1 1c matrix composites offer one of the best chances for 
success. However, major technical barriers still exist, especially in the 
development of suitable fibers, and introduction of these materials into 
aircraft engines is expected to take in excess of 5 to 10 years for most of 
these materials. 

Introduction 


Nickel-base and to some extent cobalt-base superalloys have been the 
primary materials in the hot zone of gas turbine engines since their commer- 
cialization. Although the properties of the superalloys continue to be 
improved via alloying, microstructural modifications, and innovative proc- 
essing techniques, it is apparent that their maximum use temperature is 
rapidly being approached. Because of the limitation imposed by the melting 
temperatures of the superalloys and the need for more efficient, higher per- 
formance aircraft engines, the DOD and NASA have undertaken joint as well as 
independent programs to extend the use temperature and reduce the weight of 
future military and commercial engines. The potential payoffs for the use 
of new materials with higher temperature capabilities and/or lower densities 
include reduced cooling requirements, reduced weight throughout the engine, 
and increased thermodynamic efficiencies which will lead to reduced fuel 
consumption. For example, if the light weight aluminide intermetal 1 ics can 
be utilized in the turbine, the weight reduction can be translated through- 
out the engine and supporting structure with accompanying payoffs in both 
engine performance and cost savings. This paper will present some of the 
materials now under investigation, discussing their potential and the key 
technical issues that need to be addressed, and then briefly summarize our 
best estimate of when these materials may see application in engines for 
future aircraft. 
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Intermetal lie Compounds 


The potential of intermetall ic compounds as high temperature structural 
materials has been recognized for some time now, although achievement of 
that potential has not been easy. Of the vast numbers of existing com- 
pounds, relatively few have been studied for use in structural applications. 
Table I lists some of these materials along with some of their advantages 
and disadvantages. In recent years the aluminides have received the most 
attention, as a result of their potential advantages of low density, high 
strength, and good environmental resistance. Although attempts to improve 
one property have frequently resulted in sacrifices of some of the benefits, 
significant progress has been made such that some aluminides should begin to 
see application within the next 5 years. For longer term application, a 
wide variety of other intermetal 1 ic compounds, including silicides, refrac- 
tory metal aluminides, and beryllides, have also exhibited potential. The 
bulk of this discussion will be restricted to those aluminides which may be 
used within the next decade. 

A comparison of the various compounds is difficult because of the large 
number of important variables, the different stages of development for each 
material, and the varying requirements for different applications. Figure 1 
presents a summary of the density corrected yield strengths for various 
i ntermetal 1 i cs and superalloys, which can serve as a starting point for 
rough comparisons. Because mechanical properties are sensitive to many 
mi crostructural and compositional variables, caution is required in inter- 
preting this figure. Furthermore, short term monotonic strength is not 
sufficient for determining the suitability of a material for engine applica- 
tions where life, environment, and cyclic conditions play critical roles. 
Details of other important properties of these intermetal 1 i cs are presented 
below. 

NASA's program on i ntermetal 1 i cs has focused primarily on the equi- 
atomic aluminides NiAl and FeAl. These two compounds possess the B2 
(ordered BCC) crystal structure, and have densities around 6 gm/cm^. FeAl 
has a melting point of 1340 °C and therefore, has the most potential for 
intermediate temperature (i.e., below 1050 °C) applications. Iron rich 
(Fe-40 at 1 Al) is one of the few aluminides with measurable low tempera- 
ture ductility, about 3 to 5 percent elongation at room temperature (1). 

It can be processed by most conventional metal processing methods, such as 
induction melting and powder metallurgy techniques, extrusion, and hot and 
warm rolling. Alloying with Zr or Hf has been shown to improve strength up 
to about 700 °C while still maintaining ductility (2). Boron additions can 
have a small, but beneficial effect on the low temperature ductility of 
many FeAl alloys, where a change from intergranular to transgranul ar failure 
accompanies the increase in ductility (1,2). The FeAl alloys have excellent 
cyclic oxidation resistance up to at least 1000 °C (3), and are not suscep- 
tible to intermediate temperature oxygen-induced embrittlement (2). How- 
ever, their strength and creep resistance decrease quickly above 700 °C, and 
it is not clear that further significant improvements in high temperature 
strength can be achieved without sacrifice of some other property. Although 
the combination of these properties and inexpensive raw material cost make 
FeAl attractive as a replacement for stainless steels in aircraft engines as 
well as in some automotive applications, its potential for aeropropul sion 
systems seems limited. However, it still has attractive density, ductility, 
and oxidation resistance for use as a matrix for a composite which could 
possibly see applications up to as high as 1100 °C. 

NiAl has a much higher melting point, 1638 °C, and similar density to 
FeAl, and thus is more attractive for higher temperature service. NiAl has 
excellent cyclic oxidation resistance to at least 1300 °C, especially when 
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alloyed with small additions of rare earth elements (4). Although some 
early work (5) reported room temperature ductility in polycrystalline NiAl , 
the results have not been reproduced, and a more commonly observed behavior 
is a ductile to brittle transition temperature near 300 to 600 °C, depend- 
ing on composition, grain size, and processing (5-8). Single crystals have 
exhibited ductility, especially in certain orientations (7), but even single 
crystals suffer from a low cleavage strength. Grain refinement, which is 
achieved by thermomechanical processing (9) or by rapid solidification ( 10 ), 
appears to give some improvement in low temperature ductility ( 8 ). Addi- 
tionally, compressive creep testing of powder metallurgy processed materials 
(9) has shown that fine grains are stable and do not harm creep resistance 
to at least 70 percent of its melting point, which is much higher than that 
typical for metals and alloys. Studies have shown that it is relatively 
easy to improve the creep resistance of NiAl to equal or exceed that of 
superalloys ( 11 , 12 ), although achievement of ductility has remained more 
elusive. Strategies with the best chance for improving low temperature 
toughness appear to be macro-alloying in order to change the slip system 
from <100> to < 1 1 0> type, or to reduce A1 levels such that some Ni 3 AI is 
formed. Although these alloying changes decrease the density, creep, oxida- 
tion and melting point advantages, an appropriate balance of properties may 
still be achieved for certain lower temperature applications such as turbine 
disks. A second approach to balance properties is to depend upon alloying 
to achieve improved ductility and to achieve required strength levels by 
reinforcing the ductile i ntermetal 1 i c with continuous fibers or discontinu- 
ous particulates. 

N i 3 AI has been studied extensively, primarily through the leadership 
of Oak Ridge National Laboratory (0RNL) (13). This compound has good low 
temperature ductility and good strength up to 800 °C, combined with good 
processabi 1 i ty. However, sensitivity to an intermediate temperature oxygen- 
induced embrittlement has been observed. This problem has been reduced by 
alloying with about 8 at % Cr. However, the N i 3 AI based alloys with a bal- 
ance of properties have only limited density and melting point advantages 
over superalloys, and do not appear to be able to offer large increases in 
engine performance. 

T i 3 AI and TiAl have been developed under Air Force sponsorship (14-16) 
over the last 15 years, for use at temperatures up to 1000 4 C. Ti 3 AI has a 
low density, 4.2 gm/crn^, which is sacrificed somewhat when Nb is added for 
ductility improvements. Oxidation resistance is lower than the Ni and Fe 
aluminides, and coatings will be necessary for applications above about 
700 °C. TiAl has an even lower density, 3.9 gm/cm^, and the potential for 
better environmental resistance and higher temperature capability, although 
ductility is lacking. Both Ti aluminides are also potential matrices for 
composites. 

Intermetal 1 ics which have received much less study, such as Nb 3 Al 
and various silicides, also have some promising attributes, but many of 
these types are so brittle that NiAl looks ductile by comparison. Our own 
research in this area has primarily focused on oxidation resistance of 
Nb-base alloys, although some preliminary work has also been performed with 
the intent of using a strong but brittle intermetal 1 i c as a reinforcement 
for a more ductile, oxidation resistant matrix. 

The most difficult task in developing i ntermetal 1 i c alloys has been 
the achievement of a balance of properties such that a new material can 
exceed the capabilities of the superalloys now in use for such demanding 
applications. Combining the facts that superalloy performance has not yet 
reached its limits, and that the improvements in performance must be great 
enough to justify the considerable cost of introducing a new material has 
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made the "intermetallurgist's" job even more difficult. One implication is 
that some reliance on designers and manufacturers to ease some of their 
requirements or to adapt to some of the peculiarities of these new materi- 
als may be necessary. Although it appears unlikely that toughness at the 
same levels as metallic alloys can be achieved by many of the intermetal- 
lies, they certainly are more ductile than ceramics, especially at engine 
operating temperatures. As alluded to earlier, the use of composites 
to obtain the required properties is another' strategy where NASA has an 
increasing commitment. 

Intermetallic and Metal Matrix Composites 

Intermetal 1 i c matrix composite (IMC) and metal matrix composite (MMC) 
materials are currently of extreme interest for future high temperature, 
high efficiency, high performance aircraft engines for both civil and mili- 
tary applications. Some of the composites under consideration by the aero- 
space community along with the advantages and disadvantages for those 
materials are summarized in Table II. 

NASA Lewis Research Center is currently investigating continuous fiber 
reinforced composites of FeAl and NiAl primarily under the NASA High Temper- 
ature Engine Materials Program (HITEMP) and Ti 3 AI +Nb in the joint NASA-000 
program called NASP (National Aerospace Plane Program). In addition, many 
industrial organizations and universities under government contracts and 
grants are investigating the SiC reinforced TI 3 AI and TiAl systems. ORNL 
has some effort underway on S i C/N1 3 AI . 

By going the composite route the low density of the intermetallic com- 
pounds can be utilized to good advantage arid if low density, high strength 
fibers are available, the low strength of the intermetallic matrices becomes 
less of an issue. Thus, the matrix can be optimized for other properties, 
most importantly ductility, oxidation resistance, and density. The influ- 
ence of the fiber on strength properties of a composite has been discussed 
by McOanels and Stephens (19) for the use of SiC in aluminide matrices where 
the predicted strength-to-densi ty for SiC reinforced aluminide composites 
was shown to be essentially Independent of matrix strength. Thus, the low 
matrix strength typical of many of the aluminides at the higher temperatures 
can be overcome by the use of high strength fibers present at a volume frac- 
tion ranging from 30 to 50 percent. As an example, Petrasek and Titran (20) 
have shown that in a 40 vol X W/Nb-IZr composite (high strength fiber in a 
relative weak matrix), the matrix carries only about 3 percent of the load 
during high temperature creep testing. A further example of the added 
strength properties achievable by a composite material is afforded by the 
results obtained by Brindley (21) which are shown in Fig. 2(a) and (b). In 
Fig. 2(a) the tensile strength of a 40 vol X SIC/T^Al composite is compared 
with the properties of the matrix material, the SiC fiber and the predicted 
rule-of-mixtures (ROM) strength anticipated for this composite assuming no 
fiber matrix reaction. It should be noted that the composite was prepared 
by the powder metallurgy route. In this case the powder contained a rela- 
tive high oxygen content which made the matrix brittle at room temperature 
leading to the low strength of the composite at this temperature. A further 
comparison on a density corrected basis is made in Fig. 2(b) where the com- 
posite properties are shown along with tensile properties of wrought nickel 
base and cobalt base alloys and the tensile strength of a single crystal 
superalloy, NASAIR 100. The strength advantage of the composite is evident 
in these two comparisons which provides the incentive for the research cur- 
rently underway on these materials. Of course, there are many important 
problems that still must be solved, including transverse properties, creep, 
mechanical and thermal-mechanical fatigue, fabrication and joining, chemical 
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compatibility between fiber and matrix, and differences in thermal expansion 
that would cause cracking during thermal cycling. 

As presented previously in Table II, one of the major disadvantages of 

current composite systems under consideration is the chemical compatibility 

between fiber and matrix. Brindley et al . , (22) have addressed this issue 

for the S i C/Ti 3AI +Nb system and their results to date are summarized in 

Fig. 3. In Fig. 3(a) a schematic cross section of the as-fabricated compos- 
ite is shown. The AVCO SCS -6 fiber used in this study consists of a carbon 
core with the SiC built up on it plus a carbon rich surface layer. The 
matrix material is a two phase alloy containing the 0.2 Ti 3AI plus the (3 Ti. 
It should be noted that the fiber matrix reaction zone along with matrix 
depletion leads to a very complex state at the fiber-matrix interface. For 
example, the interdiffusion between fiber and matrix leads to the formation 
of the following compounds: Nb bearing TiC, Nb bearing Ti 3AI C , and (Ti, 

NbIsSI 3 . Fig. 3(b) shows the reaction is probably diffusion controlled and 
illustrates the extent of the fiber-matrix interaction that can take place 
upon exposing this composite to high temperatures. Based on these results 
it is evident that the properties of such a composite must be thoroughly 
explored as a function of use temperature and time of exposure. 

A second major disadvantage addressed in Table II is the thermal expan- 
sion mismatch between fiber and matrix. The commercially available fiber, 
SiC, that we have used for most investigations on the aluminide composites 
has a very low coefficient of thermal expansion (CTE), 5 . 5 x 1 0 - ® °C - ' 

(23). In contrast, the aluminides have typically high CTE's ranging from 
1 Oxl 0 — 6 e C- ] for Ti 3 A1 +Nb (24), 14.5x1 0~ 6 °C~ ] for Ni Al (25), to as high as 
20. 9x1 0 - 6 6 C ~ 1 for FeAl (25). The effect that this difference in CTE's can 
have during thermal cycling is illustrated for the SiC/TijAl+Nb composite 
system (22) as shown in Fig. 4. Microcracks are noted to have developed 
after only a few cycles of heating to 985 °C and cooling to room tempera- 
ture. In contrast, the CTE of Al 2 O 3 is 9.0x1 0 - ^ °C -1 (26) which is in 
excellent agreement with that of T i 3 A 1 +Nb . Thus, based on the criterion 
of matching CTE’s, Al 2 O 3 becomes a strong candidate as a reinforcement for 
this aluminide. Again, other factors such as chemical compatibility, lower 
strength, and availability compared to SiC must be weighed against this 
advantage of matching CTE which further illustrates the trade-offs that 
come into play when development of a composite system is being considered. 

These initial results on the S i C/ T i 3 AI +Nb composite help to Illustrate 
why we consider the development of compatible fibers to be a key issue 
that limits the application of light weight composites for future aircraft 
engines. To address this critical technology, Table III presents a pot- 
pourri of properties that are desirable for future high temperature fibers. 
To develop a fiber with these properties will take a considerable amount of 
funding, innovative research, and time. This issue is being addressed as 
part of both the HITEMP and NASP programs. NASA inhouse research plans 
involve growing both single crystal fibers by a floating zone laser tech- 
nique and polycrystalline fibers by the CVD and PVD techniques. In addi- 
tion, contract efforts have been initiated for fiber development by the CVD 
technique. Still another approach to address these issues is to coat exist- 
ing fibers such as SiC or graphite with a thin layer of a "functionally gra- 
dient material" that will be chemically compatible with both fiber and 
matrix and will have an intermediate graded CTE which will help to solve the 
thermal cycling problem. Such an approach is underway by Japanese investi- 
gators (27) as well as by several investigators within the U.S. 

Composite fabrication also may be a limiting factor in the application 
of the aluminide matrix composites due to fiber-matrix reaction during the 
high-temperature fabrication processing and also because of the inherent 
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attraction for oxygen by the aluminides which may lead to contamination and 
increased brittleness of the matrix. Our approach has been to fabricate 
monotapes by one of several techniques including powder cloth, arc spray, 
and plasma spray. Subsequent composite consolidation is normally achieved 
by vacuum hot pressing or by hot isostatic pressing. The powder techniques 
are particularly susceptible to oxygen contamination and thus the search 
for other more controlled techniques is necessary. The importance of final 
composite consolidation must also be considered. The processing parameters 
of time, temperature, and pressure must be optimized to obtain the best com- 
promise of sometimes divergent property requirements. If processing time 
is too short and temperatures and pressures too low, insufficient bonding 
between fiber and matrix will occur. Conversely, if time is too long and 
temperature and pressure are too high, excessive reaction between the fiber 
and matrix can occur. Both of these extremes will le'ad to inferior compos- 
ite properties. A final step in the fabrication of composites is the neces- 
sity to join them to other components. Some joining concepts are currently 
being explored as a part of the NASA HITEMP. These techniques will have to 
be developed to make composites viable materials for future applications. 
Paralleling these developments will be the necessity of developing adequate 
NDE techniques to inspect composites during the initial fabrication steps 
to final component fabrication and use. 

So far we have only discussed the use of continuous fibers. Another 
approach that is underway is the use of particulates in the light weight 
matrices. An example of this concept is the study of Viswanadham and 
Whi ttenberger (28) on T i B 2 reinforced NiAl. Initial stress-strain rate 
behavior of this composite material is summarized in Fig. 5. The potential 
of strengthening NiAl with increasing volume percent of particulate is 
illustrated in Fig. 5(a) while Fig. 5(b) provides a comparison with IN-601, 
TD-NiCr, and a single crystal superalloy, PWA-1480. The enhancement of 
strength is believed to be due to the effectiveness of the particles to 
interact with dislocations as shown in Fig. 6. For the matrix only, 

Fig. 6(a), a low dislocation density is observed after deformation. How- 
ever, with the T i B 2 present/ Fig. 6(b), particulate-dislocation interac- 
tions are evident and a much higher dislocation density was observed. 

Refractory Metals 


The aluminides under consideration have a peak melting temperature 
near 1750 °C. To utilize metal 1 1c materials rather than turn to ceramics 
or ceramic composites the refractory metals have once again come under con- 
sideration. A lot of resources were expended on the refractory metals, 
especially niobium base alloys for aircraft and space shuttle applications 
in the 1960's and 1 970 ’ s . Today's interest once more is in niobium base 
alloys with some interest in molybdenum base alloys. Oxidation still 
remains the Achilles heel for these materials. Perkins (29) has reported 
on some of their recent results on Nb alloying with the sole purpose of 
improving the oxidation resistance. They demonstrated the feasibility of 
forming protective alumina scales by the selective oxidation of A1 . Even 
with this approach, achieving an oxidation resistant alloy for use at tem- 
peratures above 1350 °C for long periods of time remains a formidable task. 

The Future for Aircraft Engine Materials 

We have discussed the major i ntermetal 1 i c materials and their compos- 
ites that are now being considered for aircraft of the future. We have 
pointed out both their advantages, such as light weight, oxidation resist- 
ance and strength, especially in the form of a composite, as well as their 
disadvantages, such as low temperature brittle behavior and cracking during 
thermal cycling of a composite. The research results that are available 
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that show their promise were briefly discussed and those that are address- 
ing the disadvantages were presented to highlight the severity of the chal- 
lenge that the aircraft engine community is facing. We further tried to 
emphasize the development of new fibers as being a critical issue for the 
application of IMC's in aircraft engines. 

What is our prognosis for the incorporation of these experimental mate- 
rials in flight hardware? To help us address this question, the developmen- 
tal history of MA-6000 as traced by Stephens and Tien (30) is used as an 
example. The technology transfer from the initial focused research to the 
estimated time of actual flight hardware is seen in Fig. 7 to be in excess 
of 16 years and at a cost of 15 to 20 million dollars. It should be noted 
that some of the pitfalls in trying to make these types of predictions will 
be exemplified by a paper presented by Ewing and Jain (31) at this confer- 
ence where one of the first intended uses of MA-6000 has been postponed due 
to unexpected technical shortfalls of the material. This time frame of 15 
plus years has been shown to be reasonable for the introduction of other 
materials such as single crystal superalloys into gas turbine engines and 
as mentioned earlier in this paper the research on the titanium aluminides 
was initiated about 15 years ago and these materials still await introduc- 
tion into engine use. In contrast, materials such as thermal barrier coat- 
ings were transferred from research to flight applications in about 7 years 
(30). Our estimate for the various materials presented herein are shown in 
Fig. 8. At best, the Ti base aluminides are probably 5 years away from 
engine flight hardware. In looking at Fig. 8, it should also be pointed 
out that new engines produce more specific thrust and thus low density mate- 
rials can be very significant in terms of the overall engine even at small 
weight percents. The remaining intermetal 1 ics, composites, and refractory 
alloys are realistically in the 10 year plus time frame. Any prediction 
of course, depends on the funding that is sustained over a period of 5 to 
15 years in order for the materials and structures technologists along with 
design engineers to be able to bring these materials to a point of readi- 
ness. In addition, the manufacturing technology will have to be developed 
and production facilities put in place. 

In conclusion, we believe the payoffs of fuel efficiency, increased 
performance, and reduced operating costs make the current research on these 
advanced materials worthwhile, and will lead to exciting results which we 
and others will hopefully report at future Seven Springs Symposia. 
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Table I, Some Potential IntermetaUic Compounds 


Compound Advantages Disadvantages 

Near Term Application 


Ni 3 A 1 
T1-0AI 
TiAl 
FeAl 
Ni Al 


Ductility 

Density 

Density 

Ductility, oxidation 
Melting point, oxidation 


Density, melting point 
Oxi dati on 
Ducti 1 i ty 

Melting point, density 
Ductil i ty 


Far Term Application (Typical examples of the many potential 
compounds ) 


Ti 3 $i 3 Density 

Nb^Si 3 Melting point 

NboAl Melting point 

NbAl 3 Melting point, dens 

TiAl 3 Oensity 

M0AI2 Melting point 

NboBeiy Melting point 

2rBe-)3 Melting point 


Duct i 1 i ty 

Ductility, oxidation 
Ductility, oxidation 
ty Ductility, oxidation 
Ducti 1 i ty 

Ductility, oxidation 
Ductility, oxidation 
Ductility, oxidation 


Table II. Summary of Intermetallic Matrix Composites Under Cons i derat i on 


Matri ces 
Fi bers 
Advantages 

Oi sadvantages 


FeAl, Ti 3 Al, TiAl, Ni 3AI , Ni Al , Nb 3 Al , NbAl 3 

SiC, Ti02, TiC, Graphite, Al20 3 

Light weight, stiffness, design flexibility, 
matrix and fiber properties balanced 

CTE mismatch, chemical compatibility, 
fabrication, joining 


Table III. Idealized Properties of Fibers for IHCLMa.tri ces 


Coefficient of thermal expansion matching matrix 
Low density 

High modulus of elasticity 
High melting temperature 
High temperature strength 

Chemically compatible with potential matrices 
Good oxidation resistance 
Good handleabil i ty-spoolable 
Capable of mass production 
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DENSITY COMPENSATED YIELD 
STRESS, MPa/(gm/cc) 



TEMPERATURE, °C 


FIGURE 1. - TEMPERATURE DEPENDENCE 
OF DENSITY COMPENSATED YIELD 
STRESS FOR SEVERAL INTERMETALLIC 
ALLOYS AND SUPERALLOYS. DATA IS 
PRESENTED FOR NiAl (7), Fe-40% 
A|-1%Hf (2), Ni 5 AI ALLOY IC-264 
(13), Ti-14%AI-21%Nb (15), TiAl 
(16), DIRECTIONALLY SOLIDIFIED 
EUTECTIC NiAI+34%Cr (12), 
WASPALOY (17), AND SINGLE CRYS- 
TAL NASAIR 100 (18). 
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STRENGTH/DENSITY, MPa-cc/G ULTIMATE TENSILE STRENGTH, MPa 


FIBER-MATRIX REACTION ZONES 


SiC FIBER 
(SCS-6, m mh) 
THEORETICAL 
(40 vol % FIBER) 
SiC/Ti -14AI-21Nb 
(40 vol X FIBER) 
Ti -14AI -21Nb 



(a) COMPOSITE ACHIEVES THEO- 
RETICAL PREDICTIONS AT 
ELEVATED TEMPERATURES. 



ZONE 1 Nb-BEARING TiC 

CUBIC 1.5 \1M WIDE 

ZONE 2 Nb-BEARING TijAIC 
CUBIC 1.8 MM WIDE 
BOTH ZONES <Ti,Nb) 5 Si 3 

(a) COMPLEXITY OF INTERFACE REACTION 
ZONES FORMED DURING FABRICATION. 


SiC/Ti -14AI -21Nb 
(40 vol X SiC) 


NASAIR (100) 

(SINGLE CRYSTAL) 



0 200 400 600 800 1000 1200 


TEMPERATURE, °C 


REACTED + DEPLETED ZONES 



(b) ALUMINIDE COMPOSITE OFFERS 
STRENGTH ADVANTAGE OVER 
CONVENTIONAL SUPERALLOYS. 


(b) EXTENT OF INTERDIFFUSION BETWEEN 
FIBER AND MATRIX UPON HIGH TEMPER- 
ATURE EXPOSURE. 


FIGURE 2. - TENSILE BEHAVIOR OF A FIGURE 3. - SEVERITY OF CHEMICAL COM- 

SiC/Ti 3 AI+Nb COMPOSITE. PATIBILITY BETWEEN FIBER AND MATRIX 

ILLUSTRATED BY SiC-Ti 3 AI +Nb SYSTEM. 
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ORIGINAL PAGE, 13 
OF POOR QUALITY! 



FIGURE 4. - REACTION ZONES, MATRIX DEPLETION, AND CRACKS 
DEVELOPED IN SiC/TijAI+Nb COMPOSITE AFTER CYCLIC EXPOSURE 
AT 985 °C. 



RATE, S -1 

(a) STRESS-STRAIN RATE BE- 
HAVIOR OF NiAIT^ COM- 
POSITES AT 1025 °C 



(b) STRESS TO PRODUCE 0.2X 
CREEP IN 100 hr AT 
1025 °C. 


FIGURE 5. - STRENGTH PROPERTIES 
OF NiAI-TiB2 COMPOSITE. 
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(0) 0% TiB 2 ; £ = 2x10 5 s 1 ; 0 = 92.3 MPa. 



(b) 7.5% T i B 2 ; £ = 2x10 4 s ^ 0 = 91.5 MPa 

FIGURE 6. - POST 1025 °C COMPRESSION TEST 
MICROSTRUCTURE OF NiAI-Ti B 2 COMPOSITES. 
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DEFINED NEED 
FUNDING 

TECHNOLOGY ACHIEVEMENT 
TIMELINESS 

INDEPENDENT VERIFICATION 
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FIGURE 7. - TECHNOLOGY TRANSFER LADDER 
TO OVERCOME BARRIERS TO INTRODUCTION 
OF A NEW MATERIAL INTO AIRCRAFT 
ENGINES, USING THE OXIDE DISPERSION 
STRENGTHENED ALLOY, MA 6000 AS AN 
EXAMPLE. 


FIGURE 8. - TRENDS IN AIRCRAFT 
GAS TURBINE MATERIALS USE 
AND ESTIMATE OF NEW MATERIAL 
ENGINE INCORPORATION AND 
GROWTH. 
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